space. The notion of the possibility of failure is more predictive than that X, y, X1, X2 element in each subset.
of the probability of failure; the latter is a limiting case of the former. P, p, q probabilities.
In the present approach based on a fuzzy fault-tree model, the max-Xi event i. imum possibility of system failure is determined from the possibility of a, e, r superscript for representing a scale of the failure of each component within the system according to the extension principle. In calculating the possibility of system failure, some approxtrapezoid.
imation is made for simplicity.
A fuzzy set of A. < fuzzy inequality. A C B fuzzy inclusion (see theorem 4) . o approximate product of fuzzy sets.
1. INTRODUCTION Fault-tree analysis (FTA) is a logical and diagram-3. PRELIMINARIES ON FUZZY SETS matic method to evaluate the probability of an accident Fuzzy set theory has been developed to deal with fuzzy resulting from sequences and combinations of faults and phenomena [1, 4] . Fuzziness of a phenomenon stems from failure events. A fault tree describes an accident-model and the lack of clearly defined boundaries, and such a interprets the relations between malfunctions of the com-phenomenon can be defined by a fuzzy set. A fuzzy set A ponents and observed symptoms. Thus, the fault tree is of X is characterized by a membership function /11(X) useful for understanding logically the mode of occurrence which is associated with a number in the interval [0, 1] , of an accident. Furthermore, given the failure probabilities representing the degree of x belonging to X. of system components, the probability of the top event can Definition 1. (Extension principle) be calculated.
In conventional fault-tree analysis, the failure prob-Let y =f(x,, x2) abilities of system components are treated as exact values, where y E Y, x, E Xl, x2 E X2. Given fuzzy sets A, and For many systems, however, it is often difficult to evaluate A2 in X, and X2, respectively, the fuzzy setthe failure probabilities of components from past occurrences, because the environments of the systems change. Y = f(A,, A2).
Moreover, we often need to consider failure of components which have never failed before.
is defined by the membership function: 
FORMULATION OF FUZZY FAULT-TREE ANALYSIS
Similarly, the minimum of two fuzzy sets:
This section generalizes evaluation of a fault tree to fuz-
zy sets. Fault-tree analysis consists of two major parts: construction and evaluation. Here, we are mainly concerned isdefined by:
with the fuzzy evaluation of failure probability of the top 1S defis ed by: event of a fault-tree. A fault-tree is a logic model that represents the com-
binations of events which lead to the top (undesirable) event.
[xI, x2 x = min{x,,x2}]. Figure 2 is an example that uses two types of event symbols and two types of gates. The rectangle defines an inThis definition, constructed by means of the extension prin-termediate or top event that is the output of a logic gate. The ciple, is useful for ranking fuzzy sets on the probability circle indicates a fundamental event, viz, a primary failure space. For simplicity, suppose that fuzzy sets are normal and of a system element. The symbol " + " stands for an OR gate convex. A fuzzy set A is normal and convex if and only if and the symbol " " for an AND gate. there exists x* such that max{ tA (x)} = A (x*) = 1, andAa = In figure 2 , the top event can be expanded as:
{X jA (X) > a }is a convex set for a.
T=A, UA2 Definition 3.
Then, the order relation is defined as:
A, >A2.
[ 3T IfA, DA2 holds, then:
Otherwise,A, and A2 are deemed equivalent: 1 2 A, A2. Given p,,., the failure probability of Xi, the failure prob-0 ; O s p < q(q ability of the top event T is:
; q.{qjY < p < pjep# PT(PX1 PX2, P 2 PX5) = 1 (1 PX,PX2)(l px3)(1 Px4PxS). = 1~~~~p~p < < rrP As described in the Introduction, it is often difficult to ' ; < assign a unique numerical value between 0 and I to a 1+ r; prp < < r failure probability. To circumvent this difficulty, thefailure probability can be defined as a fuzzy set on [0, 1] . [7] . The relation in theorem 2 is illustrated in figure 4 . Theorem 2 implies that the approximate product 0 over-estimates the possibility Fig. 3 . Sketch of fuzzy probability Px1.
of failure, thereby resulting in a greater margin of safety. (PA + P) = {(qI + qB)A 1, (pA + pB) A 1, (p +Pi)A 1A,
The index, V, measures the difference between PT and PT.
(qA + qB) A 1 }.
and indicates the extent of improvement in eliminating the event Xi:
The proof is in the Supplement [7] .
Numerical Example. To explain the present approach,
consider the numerical example in figure 2 
